The widely used biotechnologically important fungi belonging to the genus Trichoderma are rich sources of secondary metabolites. Even though the genomes of several Trichoderma spp. have been published, and data are available on the genes involved in biosynthesis of non-ribosomal peptide synthetases and polyketide synthases, no genome-wide data are available for the terpenoid biosynthesis machinery in these organisms. In the present study, we have identified the genes involved in terpene biosynthesis in the genomes of three Trichoderma spp., viz., T. virens, T. atroviride and T. reesei. While the genes involved in the condensation steps are highly conserved across the three species, these fungi differed in the number and organization of terpene cyclases. T. virens genome harbours eleven terpene cyclases, while T. atroviride harbours seven, and T. reeseisix in their genomes; seven, three and two being part of putative secondary metabolism related gene clusters.
Terpenes are the most abundant and chemically diverse group of natural products synthesized by plants, microbes and most other life forms. These compounds are ecologically and economically important due to their role in intra-and inter-species communications, defense and medicinal/ aromatic properties. Some terpenes are being researched for usage as biofuels while some are mycotoxins. Gibberellins are well known plant growth hormones. Terpenes, biosynthesized from isoprene units derived through the mevalonate pathway and/or methylerythritol pathway, are diverse, and range from simple linear hydrocarbon chains to highly complex ring structures [1] . Figure 1 illustrates a general scheme for the terpenoid biosynthesis in fungi via the mevalonate pathway.
There are two main components of this pathway, the condensation steps where isoprene (5C) units are joined together (catalyzed by geranyl pyrophosphate synthase, farnesyl pyrophosphate synthase, geranyl geranyl pyrophosphate synthase and geranylfernesyl pyrophosphate synthase, to yield 10, 15, 20, and 25 carbon compounds, respectively), which are cyclized by monoterpene cyclase, sesquiterpene cyclase, diterpene cyclase and sesterpene cyclase to yield mono-, sesqui-, di-and ses-terpenes. Two units of farnesyl pyrophosphate (C15) can be condensed by squalene synthase to make squalene (C30), which can undergo cyclization by squalene/lanosterol cyclase to form triterpenes, like lanosterol. The real diversity arises due to the action of cyclases that catalyse a multitude of compounds often containing several stereocenters via carbocationic reaction cascades that involve changes to the connectivity and hybridization of up to half the carbon atoms of the substrate [2] . The filamentous fungi Trichoderma spp., widely used as biofungicides and in industry as sources of hydrolytic enzymes, are rich sources of secondary metabolites [3] . While several terpenoids have been characterized chemically in Trichoderma spp. (Table S1 ), very little information is available on the biosynthetic pathways involved. Using a non-producing mutant and suppression subtractive hybridization, we have earlier identified a gene cluster in T. virens that is responsible for the biosynthesis of 24 volatile sesquiterpenes [4] . In the same study, volatile terpenes from three species of Trichoderma (viz., T. reesei, T. atroviride and T. virens) were identified ( Table S2 ). The gene cluster (vir cluster), comprised of a terpene cyclase, four cytochrome P450s, a monooxygenase and a MFS transporter, was absent in the two other species and was accountable for the production of the unique terpenoids in T. virens. Apart from this study, the biosynthetic gene clusters of trichodermins, another group of sesquiterpenes, have been identified in T. arundinaceum and T. brevicompactum [5] [6] [7] [8] . These compounds are mycotoxins as well as antifungal and plant defense inducers. Recently, several species of Trichoderma have been sequenced and seven genome sequences are available in the public database [3] . Among these, three species (T. reesei, T. atroviride and T. virens) have been analyzed in detail [9] . However, the genome-wide analysis of the terpenoid biosynthesis machinery has not been presented. We present here the results of a comprehensive survey of the three published Trichoderma genomes for the presence of the terpenoid biosynthesis genes and gene-clusters with an aim to identify eventually the products catalyzed, in future studies. We have not included the other four species in this study due to restrictions imposed by US DoE-JGI for use of these genome data before formal publication of the genome papers (http://genome.jgipsf.org/pages/data-usage-policy.jsf). The secondary metabolites discovered chemically in most organisms far exceed the potential pathways identified, and this is true for Trichoderma terpenoids too. Except for a few isolated studies leading to the identification of pathways for volatile sesquiterpenes in T. virens [10, 4] , and trichothecenes [11, 7, 12] , no genome wide analysis of the terpenoid biosynthetic machinery for any Trichoderma sp. is available. It is known from other organisms that the terpenoid/sterol biosynthesis pathways have two main components-the condensation steps and the cyclization steps ( Figure 1 ).The immense variability in the terpenoid profiles is brought about by the terpene cyclases/ synthases, as the condensation pathway is largely conserved. Since many of the secondary-metabolism biosynthesis related genes are in clusters, including in Trichoderma spp. [13, 9] , in the present study, we have identified the gene clusters associated with the terpene cyclases, in addition to the core condensation and cyclization enzymes. As expected, all three Trichoderma genomes harbor one gene each for the isopentenyl-di-phosphate isomerase that catalyzes reversible isomerization of dimethylallyl diphosphate (DMAPP) to isopentenylallyl diphosphate (IPP). Similarly, the genome of each species surveyed here harbors one each of polyprenyl pyrophos- phate synthase, farnesyl pyrophosphate synthase, geranyl geranylpyrophosphate synthase (GGPS), and squalene synthase (Figure 2 ). In addition, all three genomes harbour one copy each of polyprenyl-P-P-synthase and cis-prenyl transferase, which might be responsible for the biosynthesis of mono-terpenes and other high molecular weight isoprenes. In contrast to the linear chain forming condensation enzymes, the variability in the terpene cyclases/synthases, both in terms of number as well as homology, was enormous across the three species examined. T. virens genome harbors 11 terpene cyclases, while T. atroviride harbors 7 and T. reesei harbors 6 terpene cyclases in their genomes ( Figure 3 and Table 1 ). The enrichment of the secondary metabolism machinery in T. virens vis-a-vis the other two species is known for NRPSs and PKSs [10, 14, 13] . This trend is visible for the terpenoid biosynthesis machinery too. Among 11 terpene cyclases, 7 are part of putative secondary metabolism-related gene clusters in T. virens genome (Figure 4 ). Only 3 of 7 and 2 of 6 terpene cyclases are part of putative secondary metabolism related gene clusters in T. atroviride and T. reesei, respectively.
Research in secondary metabolism has taken an interesting turn with the availability of whole genome sequences [15, 16, 17] . It is now possible to complement the exploratory chemistry-based discovery of new drugs with the directional genome manipulationbased research where a particular gene/ gene cluster can be selectively activated to make the microbe produce pathway-specific compounds. This type of research has a lot of potential because each and every genome harbors several genes/ gene-clusters potentially coding for "yet to be discovered" metabolites [16] . Since the terpenoids are a very important group of secondary metabolites which have potential applications in agriculture and medicine, and as no systematic attempt was made earlier to identify the terpene biosynthesis genes (except for the identification of some vir4 orthologues; [4] ) in Trichoderma genomes, we set out to identify the core set of genes associated with the terpenoid biosynthesis in three Trichoderma spp. and also identified the putative gene clusters comprising the terpene cyclases. Our study would help in the genomics-driven discovery of novel terpenoid metabolites in the biotechnologically important Trichoderma spp.
Terpenes are the most abundant natural products with applications in the health, aroma and biofuels industries. We have explored the genomes of three Trichoderma species and identified the genes putatively involved in terpenoid biosynthesis. The genes involved in condensation steps are highly conserved but, on the contrary, the terpene cyclases are highly diverse, explaining the chemical diversity among the terpenoids produced by these fungi. We have also identified the putative gene clusters involved in the terpene biosynthesis in Trichoderma. T. virens genome harbors 7 terpene cyclase clusters, while T. atroviride and T. reesei harbor only three and two such clusters, respectively.
Experimental

Identification of the genes in the genomes:
The genes putatively involved in the terpenoid biosynthesis pathways were identified from the respective genome pages (http://genome.jgipsf.org/programs/fungi/index.jsf) using search strings "Terpene", "Terpenoid" and "Isoprenoid". The protein sequences were downloaded for further study.
Phylogenetic analysis:
The phylogentic tree was constructed using MEGA 5.2 [18] . The sequences were aligned by MUSCLE, phylogeny reconstructed using the maximum likelihood method and bootstrap values calculated with 1000 bootstrap replications. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site.
Identification of the gene clusters:
Whether the terpene cyclases are part of a secondary-metabolism related gene cluster was determined by walking on the respective scaffolds on the genome page, and analyzing the neighboring genes by homology search, until the housekeeping genes were encountered. The clusters were drawn to scale using MS PowerPoint. The homology of the terpene cyclases was determined by BLASTP on the NCBI server.
Supplementary data:
Examples of non-volatile terpenoids produced by Trichoderma spp. (Table S1) , and examples of volatile terpenoids of T.reesei, T. atroviride and T. virens (Table S2 ).
